INTRODUCTION
Point defects play a key role in mechanical properties of metallic materials and in diffusive phase transformations. 1 Commonly considered point defects are interstitials, including self-interstitials, substitutional atoms, and vacancies. 2 The most important extrinsic elements for point defects in titanium and its alloys are nitrogen, hydrogen, oxygen, and carbon. Oxygen plays a special role due to a large chemical affinity with titanium and a substantial solubility in both hexagonal close packed (hcp) and body centered cubic (bcc) titanium. The large solubility of oxygen, nitrogen, and hydrogen in titanium was mentioned by Fast as early as 1938. 3 Ehrlich was the first to examine the solubility of oxygen in titanium quantitatively and determined a solubility limit of 42 wt% oxygen in titanium. Ehrlich also observed a change in the c/a ratio of the hcp titanium lattice with oxygen increase. For pure titanium, the c/ a ratio is less than the ideal value of 1.633; but it approaches 1.633 at higher oxygen contents. The thermodynamic assessment of the Ti-O system has in the meantime confirmed the limit to about 33 at% over a broad temperature range for Ti-O. 4 Interstitial elements in the hcp crystal structure produce non-symmetrical strain fields and are, therefore, effective in interacting with dislocations. 5 The resulting strengthening effect is exploited in commercially pure titanium alloys of grades 1-4 as the main strengthening mechanism and the yield strength increases with oxygen content as does the fatigue strength. For example, the yield strength of high-purity titanium (99.99 %) increases from about 322 MPa for low iron commercially pure titanium to about 420 MPa with an increase in oxygen content from 2100 ppm to 2900 ppm. 6 Eventually, at oxygen levels of about 0.25% the ductility and toughness decreases rapidly to the point where the titanium-oxygen alloy loses its structural materials capabilities. Hydrogen, while limited in solubility to about 1% at room temperature, diffuses orders of magnitude faster than other interstitial elements and readily forms hydrides that negatively impact mechanical properties. 7 Nitrogen has been shown to have the strongest strengthening effect per unit addition. 8 Interstitials in titanium form solid solutions, but at compositions exceeding the solid solution solubility limits can form compound phases. These compound phases are a problem in particular for hydrogen in titanium because of their brittle nature and vastly different elastic properties from the titanium matrix. The solubility of hydrogen in titanium at room temperature is thought to be between 20 and 200 ppm and increases with temperature to over 6000 ppm, but decreases with the presence of oxygen. The face centered cubic (fcc) hydride (δ) phase forms at hydrogen concentrations of more than 200 ppm in alpha-titanium. 9 But hydrogen also interacts with dislocations and cracks and has been shown to affect mechanical properties even at levels of less than 125 ppm. 10 Interstitial impurities have long been recognized in melting practices and ingot production of titanium as sources for melt defects. Low-density inclusions (LDIs) are regions of interstitiallystrengthened alpha phase with increased hardness, reduced ductility, and increased beta-transus temperature. 11 Strict processing controls have been implemented over the years for castings and forgings that have greatly reduced the occurrence of interstitial defects. In case of LDIs, for example, less than one defect is nowadays allowed per 500,000 kg of titanium alloy produced. 12 New technologies were introduced such as coldhearth melting that contributed to the decrease in defect occurrence. But the ability to control impurity-related defects in titanium alloys has changed dramatically with the emergence of additive manufacturing. No longer is the processing limited to highly experienced titanium producers with unique manufacturing technologies and environments such as vacuumarc re-melting or cold-hearth melting furnaces. Instead, titanium components are manufactured from powder in additive manufacturing machines where the powder handling and storage and the environmental control in the machines is largely relegated to the users-opening up a wide range of processing practices and hence widely varying impurity levels. Worse, the multifold increase in specific surface area of powders over bulk materials exposes titanium and its alloys to interstitial elements in the atmosphere of the additive machines, notably oxygen, nitrogen and hydrogen. During electron-beam melting of titanium, the powder bed is kept at elevated temperatures during the build process and these elevated temperatures enhance impurity solubilities and diffusivities. Additive manufacturing practitioners would benefit from a deeper understanding of interactions in the metallic powder, particularly the effect of the machine environment (partial pressure of oxygen) and the role of impurities in changing the properties of powder. In order to decide on processing conditions, additive manufacturing practitioners might use these sciencebased guidelines for powder storage, handling, recycling, and the selection and control of build chamber atmospheres.
These science-based guidelines should start with the energetics of interstitials and vacancies at specific lattice sites and their distribution within the titanium host lattice and continue with the same considerations for substitutional elements. Density functional theory (DFT) calculations are well suited to determine the energies of interstitial atoms, vacancies, and substitutional atoms. There have been extensive DFT studies on titanium, notably, the role of point defects in α↔ω structural transformation [13] [14] [15] and oxygen diffusion in the lattice, 16, 17 generalized staking faults, such as, 1012 À Á twin boundaries and ð1010Þ prism plane stacking fault, 18 vacancy migration, first-principles thermodynamics based on cluster expansion formalism and Monte Carlo simulation, and in identifying the short range order. 19, 20 Although there have been some efforts to systematically characterize the impurities in Ti, the problem has been mostly confined to defect complexes formed due to substitutional solutes and interstitial oxygen. 17 To this end, a systematic study on the role of various impurities in hcp titanium is highly desirable.
The topic of point defects has been studied using electronic structure methods since the early 1960s to explain the mechanism of self-diffusion in Cu and vacancy generation and migration in Cu. 21, 22 The magnitude and the degree of anisotropy of the dielectric polarizability calculated for Al, Cu, and Mo provide clue that the <100> split configuration is prevalent in fcc metals while the <110> split configuration is prevalent in bcc metals. 23 Recently, there have been DFT models to study solute-vacancy interactions in Al, where the 3d series of elemental solutes were considered. 24 The ground state and thermodynamics of M-H systems (M = Al, Ba, Ca, K, Mg, La, Li, Na, Ni, Pd, Sc, Sr, Ti, V, and Y) 25 are also studied. H in Al and intermetallic precipitates Al-Cu-Mg-(Si) and Al-Zn-Mg commonly appear in the literature of Al alloys. 26 There has also been successful modeling of binary phase diagrams of Ti-transition metal alloys from first-principles methodologies. 27, 28 Using molecular statics and dynamics study of stress effects on self-interstitial diffusion in Ti, it is pointed that uniaxial stress along the ½1120 direction could increase the growth rate of irradiation-induced voids by almost 20%. 29 Applying the continuum theory model, Šob et al. argue that the strengthening of hcp Ti by interstitial solutes (O, N, and C) is explained through a sessile-glissile dislocation transformation mechanism. 30 It is normally expected that metals with the same valence show similar plastic behavior. However, it was shown by an in situ transmission electron microscopy strain study and firstprinciples calculations that Ti and Zr, have the same valence, yet have different plasticity behavior due to the inversion of stability between the glissile and sessile dislocation cores. 31 Yu et al. have reported their study from first-principles theory that the profound hardening of hcp Ti by O impurities is due to the strong chemical interaction of O with the core of the dislocation. 16 These results underline the important role of chemical hybridization in components of the alloy. In the present report, a systematic study of point defects in hcp Ti is undertaken using first-principles density functional theory. The current work examines the energetically preferred sites for point defects, such as, Ti vacancy (V Ti ), self-interstitials, substitutional and interstitial positions of impurity elements with atomic number 1 (H) through 20 (Ca) as well as several transition metals with atomic numbers larger than that of titanium. The knowledge gained from the current work would eventually help to better understand the diffusion pathways in titanium and would pave way to point defect analysis for commercial alloys such as Ti-6Al-4V.
RESULTS
Titanium in its pure form at room temperature and atmospheric pressure crystallizes in the hcp structure with space group symmetry P6 3 /mmc (international space group no. 194). The crystal structure contains two atoms per primitive cell. 32 The lattice parameters as determined from experiments and theoretical studies are shown in Table 1 , where the computed values using exchange-correlation functionals such as the local density approximation (LDA 33 ) and two different parameterization of generalized gradient approximation (GGA), PW'91 34 , and the PBE are compared.
In order to compare the relative stability of different defects, we calculate the formation energy which is derived from the total energies calculated from DFT. The formation energy is given as, [35] [36] [37] 
Here, E f (D) is the formation energy of a defect D which is measured in the unit of eV/supercell, E Supercell (D) and E Ti−host are the total energy of the defect and pure supercells, respectively. μ X is the chemical potential for the species X and n X is the number of such impurities in the defect supercell. p = ±1 depending on whether the atom is removed from or added to the host supercell in order to construct the defect supercell. Point defect concentration is proportional to the exponential of formation energy. Formation energy also helps to determine the diffusion coefficient for the kinematics of defects. 38 However, the first principles determination of formation energy calculated from Eq. (1) depends on the choice of μ X ; hence a proper selection of chemical potentials improves the interpretation of the formation energies. Insight into point defects and impurities in titanium... SK Nayak et al.
In our study, μ X values are chosen from the pure state of the impurities, called "element" chemical potentials, and the oxides of corresponding impurity elements are called 'oxide' chemical potentials. Details on the sources of μ X and their role in thermodynamics is presented in the Supporting information. We note that LDA and GGA fall short in predicting the ground state properties of strongly correlated systems, most notably those of transition metal oxides displaying ferroelectricity, superconductivity, metal-insulator transitions, and magnetism. The problem is more acute for semiconducting properties and magnetic properties and not as severe for simple metallic elements. The situation can ideally be overcome by including an on-site element specific and orbital selective Coulomb repulsion term called the Hubbard U (DFT + U method). However, there is no consensus on using a particular value of U for all the calculations as the values are not transferrable. The actual value of U changes across transition metal elements and their corresponding compounds. This is further complicated by the fact that the value of U is not expected to be same for different crystal structures of the same element or compound. As such, the total energy is dependent on the value of U in the DFT + U method. Since the total energy is the basis of our analysis, we try here avoiding ambiguities that will arise due to including two different levels of theory, DFT and DFT + U and varying the value of U individually for each element.
Self-interstitials Titanium atoms occupying interstitial lattice sites are selfinterstitials. In the hcp crystal lattice, a self-interstitial defect can be located at six sites in the unit cell as shown in Fig. 1 . 39 These are called orthogonal (O) and tetrahedral (T) sites. Impurities in basal-tetrahedral (BT) and basal-octahedral (BO) sites lie in the basal plane, midway between two neighboring T sites and O sites along the c direction, respectively. Crowdions are interstitial positions between Ti-Ti bond center and two different configurations have been identified: the basal (CB) and non-basal (CN) crowdions. In contrast to these impurity sites, which can host only one impurity atom per site, dimer-like interstitial point defects comprise two atoms. The two atoms of the dimer-like impurity are symmetrically displaced with respect to a vacant lattice site. Due to the hexagonal symmetry, two orientations exist for the dimerlike point defects. The dumbbell configuration oriented along the c-direction (DC) and the dumb-bell configuration lying in the basal plane (DB) are the unique choices. The DC and DB configurations are split interstitials which are kinds of self-interstitials. The positions of all the eight interstitial configurations are shown in the schematic picture of Fig. 1 . The formation energies are summarized for the eight self-interstitial configurations in Ti listed in Table 2 . The supercell is comprised of a periodic repetition of hcp primitive lattice units within which the impurity atoms are accommodated. This supercell is geometrically optimized by the conjugate gradient scheme in order to minimize the internal strain. The characteristic impurity positions in the optimized supercell are ascertained by examining its nearest neighbor. The formation energy difference and the total energy difference are identical for isolated self-interstitial defects. However, the formation energy has an advantage as it allows comparison of split interstitial energetics with cases of substitutional and interstitial defect configurations.
The bond length of the spilt interstitial was calculated as 1.663 and 1.930 Å for DC and DB, respectively. The starting geometries were selected by choosing the configuration with lowest total energy after performing a check of total energy as a function of impurity pair bond length in pure lattice. The formation energies are shown in Table 2 for the initial (E f U ) and relaxed (E f R ) supercells for various configurations. In other words, E f U indicates the energy of impurity interstitial dimers when the host atoms are not relaxed. The difference in the energy (ΔE f UR = E f U −E f R ) accounts for the gain in the chemical energy at the expense of local lattice distortions. The Ti-Ti bond lengths are 1.430 and 1.463 Å for CN and CB configurations, respectively, which is about half of the equilibrium lattice constant. ΔE f UR appears large for crowdion selfinterstitials; 9.4 and 9.8 eV for CB and CN, respectively, due to the magnitude of E f U which is already large owing to additional Ti atom in between Ti-Ti equilibrium bonds. In comparison to this, the energy difference ΔE f UR is minimal for split interstitial configurations, DC and DB, as the two impurity atoms are positioned in the interstitial region close to their equilibrium separation due to the way the DC and DB models are prepared.
We find that the BO configuration is the most favorable selfinterstitial configuration. The energy of the CB configuration is similar to the energy of the BO configuration. The relaxed supercells of the CB configuration are identical to the BO configuration. The results previously reported in ref. 29 that the DB configuration is the most favorable self-interstitial configuration contradicts with our results. In fact, our unrelaxed supercell results match the conclusions of ref. 29 (see column E U f in Table 2 ). Table 2 lists the relative stability of these defects in Ti host The formation energies obtained from the starting and the relaxed models are represented by
shows the chemical energy gained. Note that the relaxed configuration of CB is identical to BO, other configurations retained their characteristic positions Insight into point defects and impurities in titanium... SK Nayak et al.
Vacancy-interstitial pairs The formation energy of an atom missing from a lattice site, i.e., a vacancy (V Ti , not to be confused with vanadium substituted on Ti site, V Ti ), is calculated as
where E is the total energy and the value of μ Ti derived from Ti bulk is found to be 1.94 eV, which is similar value to that obtained from ultra-soft pseudopotentials calculations. 40 Energies of Ti vacancies are obtained in a similar range with different exchangecorrelation functionals, 41 which are overestimated than that reported in experiment (1.55 eV in ref. 42 and 1.27 eV from positron annihilation spectroscopy in ref. 43 ). The discrepancy is due to the lack of density-based exchange correlation to account an accurate electron correlation treatment. 44 There is a way to overcome the limitations of GGA by adding the Hubbard U correction term. However, this was not used in our study because of the ambiguity it introduces in the treatment of chemical potentials which affects the calculation of the formation energies. The energetics shows that the magnitude of vacancy formation energy is comparable to self-interstitials, see Table 2 . Thus, it might be assumed that both vacancies and self-interstitials are likely to respond simultaneously to thermodynamic perturbations, which could be coupled to derive a migration mechanism for Ti atom to jump from a lattice position to the nearest interstitial position. The consideration of μ Ti derived from Ti bulk models involve a situation where the vacancy lattice is in thermodynamic equilibrium with perfect bulk Ti. However, this may not be realistic in engineering processes, especially if the displaced Ti atom of interest remains deep in the bulk sample forming secondary phases with other defects/impurities in the lattice. The most trivial case for our discussion would be defect complexes consisting of vacancy and self-interstitial impurity.
In order to obtain insight into defect complexes, we have calculated the formation energy of a V Ti -interstitial Ti pair as a function of the separation of the individual components, i.e., the titanium vacancy, V Ti , and the interstitial titanium atom. Supercell models were prepared with interstitial Ti in the BO configuration and V Ti created at different positions such that the distance of V Ti from the interstitial Ti is 2.15, 4.20, 4.58, 6.44, and 9.23 Å. After minimizing the internal forces in the supercells (geometrical optimization) it is found that for the first three shorter pair separations the interstitial Ti is expected to be attracted to an empty lattice site which may result in elimination of the defect. However, at larger separations of 6.44 and 9.23 Å the interaction between V Ti and the interstitial titanium atom is screened by the host atoms in between. As a result, V Ti and the interstitial Ti atom are trapped into local energy minima without any appreciable change in their separation distance. The formation energies for the three shortest separation distances are identical and are almost 3.9 eV lower in energy than the formation energies of the two larger distances. Ideally, from the energetics it could be expected that vacancies and interstitials should annihilate each other and thus re-establish the environment of an ideal hcp lattice if these defects are in close proximity. Table 3 . Formation energies (in eV per supercell) of impurities at various positions in hcp Ti (refer Fig. 1 Tables 3  and 4 , respectively. For example, Fig. 2a shows the formation energies calculated for O impurity in Ti. The formation energies towards the lower range is obtained from total energy of an O 2 molecule, which could be interpreted as a thermodynamic condition with an oxygen rich environment, while the formation energies towards the upper range is derived from TiO 2 in the rutile structure, which could be interpreted as a thermodynamic condition with oxygen deficient environment. The horizontal dashed lines in this figure denote the configuration with lowest formation energies in each case. It is observed that the O atom favors an octahedral interstitial position when the environment is oxygen deficient. On the other hand, in an environment with rich supply of oxygen the thermodynamic stable phase is oxygen impurity pairs resulting in DB and DC configurations (see Fig. 1 ). The relative differences in the formation energies of interstitial and substitutional positions for the two types of chemical environment can be estimated from the data of Fig. 2a .
The lower the formation energy of a defect configuration, the higher the probability of finding such a defect in the sample. Fig  2b shows the lowest formation energies obtained for different elements, H (atomic number = 1) through Ca (atomic number = 20), except for noble gas elements He and Ne. Additional selected elements from 3d, 4d, and 5d series transition metal elements, V, Ni, Cu, Zr, Mo, Ag, Ta, W, Au, and Pb, are considered in order to compare the trend of formation energies of elements for relatively larger atomic size. The formation energies of these cases are shown in the shaded region of Fig. 2b . The trend in the lowest formation energies (among the various configurations of impurities) in Fig. 2b which is derived from μ element is marked by the red line. The formation energies obtained from μ oxide are marked by the blue line in the same figure. It is found that these chemical potential treatments lead to two different trends in the lowest formation energies.
In general, metallic impurities, irrespective of their atomic sizes and exposure to type of chemical environment (consideration of two different chemical potentials), favor the substitutional sites. On the other hand, common highly electronegative elements such as, C, N, O, F, S, and Cl, do not favor the substitutional site. Instead, the elements C, N, and Cl prefer octahedral interstitial sites for the two chemical environments. H, O, and S stabilize different impurity configurations in different chemical potential treatment: octahedral impurity configurations for μ oxide and impurity-dimer (DB and DC) configurations for μ element . Fluorine is the only element which forms impurity-dimer in Ti for both types of chemical potentials. It must be emphasized that H, which could easily lose its electron forming a H + cation, actually behaves similarly to the electronegative elements when inserted as an impurity in Ti. This result corroborates the charge transfer analysis where H is observed to acquire electrons from neighboring Ti atoms, which is the discussed in the following section. Table 4 . Formation energies (in eV per supercell) of impurities at various positions in hcp Ti (refer Fig. 1 The total energies are taken from optimized geometries. The chemical potentials are taken from oxide compounds (see Supporting information)
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Charge analysis
Chemical hybridization plays an important role for the configuration of impurity atoms in host lattices. An ideal measure of the orbital hybridization strength is the charge transfer between impurity and host atoms. The Bader charge analysis 45, 46 provides a quantitative assessment for the accompanied charge transfer.
where q reference B is the integral valence charge supplied in the pseudopotentials of X and q hybridized B is the calculated Bader charge after self-consistent field solutions have been achieved. According to this definition, negative values for Δq B (X) would mean charge accumulation from the neighborhood to the atomic site X (the definition is consistent with the definition of electron charge treated as negative), while positive value would mean charge lost from the atomic site X to the surrounding. The tendency of Δq B (X) for impurity and host atoms are expected to be inversely related, as charge lost or gained at the impurity site should be correlated to charge variations in neighboring host atoms. Negative values of Δq B are a feature common to electronegative impurities such as C, N, O, and F. The charge transfer to the neighboring host Ti (<Δq B (Ti)>) is averaged over nearest neighbor coordination 4, 6, and 12 for an impurity atom located in tetrahedral, octahedral, and substitutional impurity sites, respectively.
Charge transfer between the impurity atoms and the nearest neighbor host Ti atoms is shown as a function of atomic number (apart from noble gases) in Fig. 3a for the octahedral-and substitutional impurity sites. The charge transfer follows the same trend of periods in the periodic table for both impurity sites. The average charge transfer to Ti is lower in magnitude because multiple Ti atoms from the neighborhood bond with the impurity atom. The charge transfer to impurity atoms in octahedral interstitial and substitutional sites differs as a function of average charge transfer of Ti as shown in Fig. 3b . The blue and black solid lines are the trend lines for the data of impurities in octahedral interstitial and substitutional positions, respectively. It is observed from Fig. 3b that the charge transfer on an impurity in substitutional cases (slope of the black line) is generally larger than that for octahedral impurity positions (slope of the blue line). The same information is also depicted in Fig. 3a where we mark the difference in charge transfer values between substitutional (filled squares) and interstitial (open circle) cases. As already pointed out in the previous section, H in Ti metal is found to have negative values of Δq B for both substitutional and interstitial cases (see Fig. 3a,b) suggesting that it acts as an electron attracting impurity, similar to C, O, and F.
The preferred configuration for the considered elements are summarized in Fig. 4 , where the formation energies of substitutional impurities is compared with the minimum formation energy of from the interstitial configurations. It is found that highly electronegative elements, H, C, N, O, F, S, and Cl, favor interstitial positions (refer Fig. 2b . The chemical hybridization plays a more decisive role than other competing terms. The line y = x is the case where both substitutional and interstitial impurities are equally probable. The farther from this line, the higher the probability of either interstitial or substitutional impurities. The cases of P and Ni impurities deviate from expected behavior. In other words, their formation energies lie relatively close to the y = x line. P is intuitively expected to favor an interstitial position while Ni is expected to favor a substitutional site. Reconsideration of source compounds from which chemical potential is derived could potentially help correct this discrepancy. In addition, for Ni, the difficulty could be in the value of chemical potentials which is derived from the oxide compound NiO. NiO is an example of a compound where the GGA approximation fails to account for the strong electron correlation effects. 47 
DISCUSSION
One of the guiding principles for mixing in metals are the HumeRothery rules [48] [49] [50] which take in to account: (a) the difference in electronegativity among the involved species, (b) the difference in the size of constituting atoms, (c) electron filling rules (acquiring the octate electronic configuration through hybridization), and (d) the competing crystal structures to explain trends in solid solubility. Similar empirical rules could be formulated for point defect and impurities in metals. Neglecting thermal effects, such guidelines can be derived from the formation energies because they are directly related to the stability of impurities. Although not stated in the original form of the rules, the ionization energy of impurity elements could be included as a descriptor in the present context of point defects, because in order to balance the charges in a single phase system the electronegativity of impurity atoms should be related to the ionization potential of the host atoms and vice versa. The trend in the ionization energy, electronegativity, and the covalent radius of elements are shown in Fig. 5a-f . It is easy to compare the data as a function of the number of valence electrons for the elements in the second (Li through F) and third rows (Na through Cl) of the periodic table and the same as a function of periodic table column number for the elements in fourth, fifth, and sixth rows. The transition metals have multiple potential valence states, which handled by choosing the column number of the periodic table. The value of corresponding physical quantites for Ti is shown as the horizontal dashed line. The lighter elements display distinct trends as compared to the heavier transition elements. With an increase in atomic number, electrons occupy d and f-orbitals appear. These are highly correlated and their chemistry is more involved.
The DFT is a quantitative theory which could provide a way to explain the trends in materials properties, such as those described by the Hume-Rothery rules. Since the formation energies depend on the choice of chemical potential, finding a unique functional dependence of formation energies on physical parameters may not be straightforward. There are further complications for transition metal impurities because of their multi-valence states. The formation energies of corresponding impurities for μ element and μ oxide for are shown in Figs. 5g, h. The calculations have been performed by allowing volume relaxation of the supercell, which implies that the combined role of electronegativity, ionization potential, covalent radii etc. can be accumulated into one physical descriptor, which is the supercell volume change. The volume change can be captured experimentally by determining the lattice parameters using commonly available characterization techniques, such as the X-ray, electron or neutron diffraction. Figure 6 shows the comparison of volume change for all the impurity configurations. The lowest formation energy configurations are outlined with boxes for each chemical potential treatment (blue for μ element and green for μ oxide ). Please note that for most cases the lowest energy configurations are the same for both chemical potential treatments, hence only the blue box is shown. It is observed that, except for highly electronegative elements of C, N, O, F, S, and Cl, the general trend of lower volume change corresponds to lower formation energies, which is achieved by substitution into the Ti lattice. This is expected because large volume changes in crystal lattice would increase the elastic energy of the system. For comparison, the volume of hcp Ti calculated from DFT is 34.263 Å /unit cell, which is comparable to the volume change that appears for point defects, especially for transition metal impurities. This is substantial perturbation to the Ti lattice. On the other hand, for highly electronegative elements, the chemical hybridization of point defect with the surrounding host plays a decisive role and these impurities are found in the interstitial position.
Knowledge of positions and formation energies of point defects in Ti and in any base metal are vital. For example, it has been observed that the microstructure of stainless steel is sensitive to the gaseous environment in which the laser melting is Insight into point defects and impurities in titanium... SK Nayak et al.
performed. 52 Metals are often contaminated by gases during hightemperature processing. Gaseous elements, such as nitrogen in steel, are sometimes deliberately added as an alloying element. 53 Another example; putting together the fact that c/a ratio of the hcp Ti lattice increases from 1.59 to 1.633 with increasing oxygen content 3, 4 and matching the results from Fig. 6 it can be interpreted that O does not favor substitutional or DB interstitial position, to account the positive volume change. Note that the DB (also DC) position is favored at very large oxygen chemical potential surrounding or exposure to very high partial pressure of O 2 gas.
Advancements in processing methods in materials processing, such as laser-based additive manufacturing has led to renewed interest in point defects and their stability due to the fundamental need to control the processing and storage of host powders. The light absorptivity and heating of powders with laser radiation depends on the chemistry together with other factors such as the average particle size distribution and powder surface condition. In order to enhance the degree of absorption, the starting material could be exposed to an appropriate pre-treatment. Doping is one of the methods through which the electronic structure of the starting material could be tuned, for example, to maximize laser absorptivity. A further advantage of laser based additive manufacturing techniques is the potential for controlled processing in different gas environments in a single build allowing for localized microstructure control. Hence, these chemical trends of point defects can lead to the necessary understanding to potentially overcome the challenges of laser absorptivity and phase stability. Thus, despite the fact that thermal effects have been neglected, DFT results provide useful knowledge on the Fig. 5 The trend in the ionization energy, electronegativity and covalent radius of elements as a function of elements as arranged in the periodic table is shown in (a-f). Note that the data is compared with number of valence electrons for the elements in second (Li through F) and third rows (Na through Cl) of the periodic table and as a function of periodic table column number for the elements in fourth, fifth, and sixth rows, respectively. The value of corresponding physical quantity for Ti is shown as the horizontal dashed line. The lowest formation energies obtained from several configurations are plotted against the abscissa quantities in (g) and (h), respectively, as the left and right panel plots
physics of point defects and on the materials properties at the ground state.
In conclusion, we have studied the intrinsic and extrinsic point defects in hcp Ti using density functional theory. The impurities are systematically chosen from the periodic table with atomic numbers one through 20 (except the noble gases) and selected elements beyond atomic number 20, such as, V, Ni, Cu, Zr, Mo, Ag, Ta, W, Au, and Pb, in order to understand the trends in the formation of interstitial and substitutional defects. and Ti interstitials tend to coalesce and annihilate. They retain their existence only when separated by a distance of more than two lattice parameter units. (v) We show that the supercell volume change could be good descriptor for the admission of impurities into the Ti lattice.
Our results indicate that lower specific volume changes favor more probable impurity configuration due to lower cost in elastic energy. This trend is satisfied by all the transition metal impurities preferring substitutional sites. However, high electronegative elements, such as C, N, O, F, S, and Cl deviate from this trend due to strong chemical hybridization.
METHODS
We used DFT for our theoretical analysis. Spin polarized total energy calculations were performed for a supercell size of 6 × 6 × 3 primitive cells. The supercell has 216 titanium atoms for the pure titanium case. A single point defect in the supercell thus corresponds to a concentration of x~0.46 at% (Ti 99.54 X 0.46 ; X = V Ti , elements with atomic number 1 (H) through 20 (Ca) and larger elements, such as V, Ni, Cu, Zr, Mo, Ag, Ta, W, Au, and Pb, roughly scanning element from the 3d, 4d and 5d periods of the periodic table. Impurity dimer cases have x~0.92 at% due to two impurity atoms in the supercell. The GGA is used for the exchangecorrelation energy functional as parameterized by Perdew-BurkeErzernhof 54 together with the projector augmented wave method. 55 The kinetic energy cut-off for the plane waves is set to 500 eV. Integration in the reciprocal space are carried out with the Γ-centered 3 × 3 × 3 k-points mesh of the hexagonal Brillouin zone. The supercell was allowed for geometrical optimization with the tolerance criterion for total energy set to 10 −7 eV in order to minimize the local forces. The DFT calculations were performed using the Vienna ab initio simulation package. 56, 57 Data availability statement
The authors declare that the data supporting the findings of this study are available within the paper and its supplementary information file. Fig. 6 The change in volume per primitive hcp cell (per two atoms) obtained from the geometrical optimization of the supercell with impurities in various configurations. A positive value of volume change implies tensile hydrostatic strain, while the negative value implies compressive hydrostatic strain. The color code of the impurity configurations is the same as in Fig. 2(a) . The lowest formation energy configurations are outlined with blue and green rectangular boxes for μ element and μ oxides , respectively. Cases for which the lowest energy configurations overlap, only the blue box is shown. The trend that a low volume change is associated with low formation energies is reflected for most impurities, except highly electronegative elements like, C, N, O, F, S, and Cl Insight into point defects and impurities in titanium... SK Nayak et al.
